Hemolytic anemias caused by premature destruction of red blood cells occur in many disorders including hemoglobinopathies, autoimmune conditions, during infection or following reaction to drugs or transfusions. Recent studies which will be reviewed here have uncovered several novel mechanisms by which hemolysis can alter immunological functions and increase the risk of severe complications in hemolytic disorders.
INTRODUCTION
Premature destruction of red cell bloods (RBCs) resulting in hemolytic anemias can be due to inherited genetic mutations such as those responsible for sickle cell disease (SCD) and thalassemia [1] , or due to autoimmune reactivity as seen in primary or secondary autoimmune hemolytic anemias [2] . Additional causes of hemolytic anemias include infectious agents that target RBCs such as malaria and babesiosis [3] , bacteria involved in sepsis [4] , certain drugs and transfusion reactions [5] . Previous studies have shown that hemolysis impacts both innate and adaptive immune responses [6] , and that patients with clinical manifestations of hemolysis especially those with chronic inflammatory diseases have invariably impaired immune responses and are more susceptible to infections [3, 7] . Hemolysis can occur extravascularly in which the reticuloendothelial cells engulf RBCs, causing their premature removal from the circulation, or intravascularly in which hemoglobin (Hb) and its breakdown product, free heme are released directly into the circulation. In recent years, several innovative findings which will be reviewed here have identified a key role for plasma-free heme in altering immune cell differentiation as well as effector cell activity and their migratory properties.
HEMOLYSIS AND REGULATION OF NEUTROPHIL ACTIVITY
Neutrophils are at the forefront of defense against infection with ability to engulf microbes. Neutrophil oxidative burst with the rapid release of reactive oxygen species (ROS) is crucial for inactivation and degradation of engulfed pathogens [8] . Deficiency in oxidative burst as seen in chronic granulomatous disease, predisposes patients to bacterial and fungal infections [9] . It is well documented that patients with SCD [10] and thalassemia [11] are more susceptible to bacterial and fungal infections. The predisposition to infection in these patients is generally ascribed to the inability to clear infectious particles due to asplenic function or splenectomy, although the exact mechanisms that also alter their immunological functions still remain elusive.
In a recent study, the relationship between hemolysis, neutrophil oxidative burst and high risk of bacterial infection was examined in the malarial setting [12] . Nontyphoid salamonella (NTS) is known to localize to granulocytes and is more prevalent in patients with malarial infections [13] . The study found that NTS-infected mice exposed to a malarial parasite strain which causes progressive hemolytic anemia in vivo had drastically reduced survival. An increased bacterial load was detected in granulocytes and found to be due to impaired neutrophil oxidative burst function. A similar effect was seen when mice were injected directly with phenylhydrazine or free heme, thus establishing a direct link between hemolysis and impairment of neutrophil oxidative burst, and offering a plausible reason for why malarial infected mice are more susceptible to NTS infection. The study went on to show that free heme resulted in mobilization and release of immature granulocytes from the bone marrow into peripheral blood in mice. The persistent hemolysis also induced heme oxygenase 1 (HO-1) expression in immature neutrophils (Gr-1 low) which upon differentiation into mature neutrophils were no longer able to mount a bactericidal oxidative burst. Mechanistically, it was shown that the impaired bactericidal activity of differentiated neutrophils was due to inhibition of ROS signaling pathway which is crucial for oxidative burst and bacterial clearance. It is important to note that the effects of hemolysis and free heme on neutrophil HO-1 induction and impairment of oxidative activity in vitro was restricted to immature human neutrophils and no direct effect of heme on HO-1 induction was seen in mature human neutrophils [14 & ]. Treatment with tin protoporphyrin, a competitive inhibitor of HO-1, prevented the hemolysisinduced neutrophil dysfunction, suggesting that HO-1 expression in an immature neutrophil reprograms the cell such that it differentiates into a mature neutrophil with a defective bactericidal phenotype. Although the use of HO-1 inhibition may appear as an attractive strategy to restore neutrophil function in this setting, such treatment would also disable the tolerogenic and anticytotoxic effects of HO-1 which protects the host during acute malaria, thus limiting its use. Altogether, these findings point to a previously unappreciated role of heme in neutrophil mobilization and control of infections in hemolytic diseases that needs to be further studied.
Patients with SCD were recently shown to have an expanded, novel circulating neutrophil progenitor subset expressing high levels of HO-1 and identified as (CD49d
þ/À ) that were not present in healthy control peripheral blood [14 & ]. As was seen in mice, mature neutrophils in these patients had impaired oxidative activity, suggesting that heme-driven HO-1 induction during neutrophil differentiation may also lead to defective neutrophil oxidative burst in human hemolytic conditions. Significantly, studies in a cohort of children with malaria revealed circulating neutrophils with lower oxidative burst activity and an association between neutrophil impairment and markers of hemolysis and HO-1 expression levels in whole blood [15] , although cell-type-specific markers were not used to determine if immature neutrophil subset expressing high levels of HO-1, similar to those seen in SCD, were expanded.
In addition to their phagocytic activity and release of antimicrobials, activated neutrophils can release neutrophil extracellular traps (NETs) [16] . NETs are mesh-like scaffolds composed of chromatin and neutrophil granule proteins which prevent further spread of microbes by trapping and acting as a physical support that provide high local concentrations of antimicrobials [17] , NETs however may have detrimental effects in autoimmune and inflammatory diseases, and were associated with thrombosis in both in-vitro and in-vivo studies [17] .
In mouse models of SCD, elevated plasma heme levels were shown to induce NET formation [18] . Formation of NETs in the lungs led to hypothermiainduced death which was prevented as well as delayed if NETosis was inhibited with DNase I, underscoring the pathologic nature of NETs in this experimental model. The role of heme in NET formation was further confirmed by administration of
KEY POINTS
Heme regulates oxidative burst in neutrophils by inducing HO-1 during neutrophil development.
Heme can impair phagocytosis by inhibiting cytoskeleton dynamics through DOC8-Cdc42 signaling pathway.
Heme induces neutrophils to release NETs which may be associated with vaso-occlusive crisis in patients with sickle cell disease.
Heme can induce monocyte differentiate into red pulp macrophages through BACH1-Spic signaling pathway.
Heme can regulate Treg expansion by HO-1 in nonclassical monocytes.
heme scavenging protein hemopexin which lowered the plasma-free heme concentration, blocked the effects of heme-induced NET activity both in vitro and in vivo, and alleviated NET-associated hypothermia. The mechanism of heme-mediated NETosis was shown to be through heme-iron driven ROS signaling pathway. Using clinical samples, soluble NET components were detected in the plasma of patients with SCD, and more importantly, their levels were increased further during vaso-occlusive crisis (VOC), a condition associated with increased hemolysis in which obstruction of blood vessels occurs by a complex and yet-to-be defined mechanisms [19] . The clinical significance of heme-mediated NETosis in VOC pathophysiology and the potential role of NETs in thrombotic complications in SCD is an exciting area for further investigation. In addition to SCD setting, NETs were previously reported to be elevated in malaria [20] and severe sepsis [21] , and in a malarial mouse model, NETsinduced acute lung injury [22] . In a recent study, the concentration of free heme in long-term stored RBC component products was deemed sufficient to induce NETs formation [23] . As NETs have been demonstrated to be associated with the onset of transfusion-related acute lung injury, the authors cautioned against potential risk of NET formation due to heme in stored units which may impact transfusion safety, although no such increased risk of NET formation following transfusion of stored RBCs has been reported in humans.
HEMOLYSIS AND MACROPHAGE/ MONOCYTE ACTIVITY
Monocyte frequencies are also increased in hemolytic anemias [24] . In SCD, monocytosis was shown to correlate with several hemolysis markers including reticulocyte counts, indirect bilirubin, lactate dehydrogenase and Hb levels. Significantly, absolute monocyte numbers in SCD also correlated with neutrophil counts [25] , raising interesting questions regarding the potential impact of heme and hemolysis on monocyte/macrophage development, and mobilization, and more importantly how these changes, if they occur, may influence disease severity and progression.
The role of macrophages in hemolytic anemias has been known for a long time, and their role in heme-induced inflammation and iron recycling was recently reviewed [7, 26] . Here, we will focus on more recent progress on heme regulation of macrophage phagocytosis.
Martins et al. [27 && ] recently found that free heme inhibited phagocytosis by macrophages and neutrophils in vitro by affecting cell shape and actin cytoskeleton dynamics known to be crucial for bacterial engulfment. To explore the mechanism of action of heme on actin cytoskeleton remodeling, high-affinity heme binding proteins were screened by mass spectroscopy which led to the identification of DOCK8-Cdc42 pathway as the target of hemeinduced cytoskeleton rearrangements. The authors went on to perform a chemical screen to identify compounds that could prevent heme-induced inhibition of phagocytosis. Quinine, the well known antimalarial drug, was found to fully restore phagocytosis of macrophages in the presence of heme without affecting baseline bacterial phagocytosis. Furthermore, binding of heme to DOCK8 was reduced by quinine, suggesting that protective effects of quinine occur through disruption of heme-DOCK8 interactions. More importantly, invivo quinine treatment significantly improved survival and reduced bacterial load in Escherichia coli mice treated with exogenous heme. To rule out the possibility that heme caused bacterial expansion by increasing exogenous iron source [28] , the authors used a bacterial strain lacking the heme transporter gene and showed that bacterial load was equally the same as the wild-type strain in vivo following heme treatment. Altogether these exciting findings suggest that heme release not only increases the nutrient source of iron for pathogens, but may also disable host defense through manipulating host cell cytoskeleton to avoid internalization.
In a separate report, it was also shown that transfusion of long-term stored RBCs as well as and coinfection with malarial parasites in mice exacerbated Gram-negative bacterial infections by Salmonella typhimurium and E. coli by shortening the survival time and increasing bacteria load. In the case of S. typhimurium infection model, the effects seen were more pronounced than using a comparable dose of iron dextran, suggesting that additional mechanisms other than iron delivery were involved in the exacerbation effects of malaria infection or transfusion with stored RBCs [29] . Consistent with the mouse studies showing inhibition of phagocytosis by cell-free heme, children with acute malarial infection were found to have impaired monocyte phagocytic activity and their monocytes had an altered phagocytosis gene expression profile [30 & ]. These novel observations of the impact of heme on phagocytosis and pathogen clearance will need to be further investigated in other hemolytic anemias.
HEMOLYSIS AND IMMUNE CELL DIFFERENTIATION AND POLARIZATION
With the release of Hb and heme into the circulation, hemolysis can lead to heme-iron loading and induce chronic inflammation [31, 32] . Several interesting new findings suggest that free heme can alternatively polarize immune responses by favoring either proinflammatory or anti-inflammatory cell differentiation.
In a recent study, the impact of free heme on macrophage polarization was investigated in depth [33 & ]. Free heme was shown both in vitro and in vivo to induce a shift toward M1 macrophages and to further upregulate M1 markers, including MHC II, CD86 and TNF-a, on M1 macrophages while lowering the levels of M2 macrophage associated markers including CD206 and ROS [34] . Heme-mediated macrophage polarization was mediated through toll-like receptor 4 (TLR4) and ROS signaling. Treatment with hemopexin inhibited macrophage M1 polarization in vitro and in SCD mice, and reduced heme-driven hepatic fibrosis and apoptosis in wildtype mice, highlighting the potential of hemopexin treatment for reducing macrophage inflammatory activation in hemolytic diseases.
In a recent study, severe hemolysis with the release of heme was shown to cause loss of splenic red pulp macrophages (RPMs) which are responsible for senescent erythrocytes degradation and hemeassociated iron recirculation, and their development is dependent on spleen focus forming virus proviral integration-site transcription factor [35, 36] . Significantly, heme concurrently induced Spic expression, a transcription factor that controls RPM development, in monocytes, resulting in their differentiation into RPMs, and replenishment of the RPM pool which had been depleted during hemolysis [36] .
Heme moiety itself rather than its metabolites, biliverdin and iron were responsible for these effects. Mechanistically, hemolysis-driven spic expression occurred through proteasome-dependent degradation of BACH1, a transcriptional repressor of spic. These findings highlight the critical role of monocytes in maintaining RPM homeostasis in hemolytic diseases and the potential for the newly identified heme-BACH1-Spic signaling axis as a therapeutic target for controlling RPM loss in pathological hemolysis.
It is well known that cell-free heme acts as a proinflammatory molecule, activating monocytes, macrophages and endothelial cells through TLR4 and ROS signaling [6] . However, heme also induces HO-1, an enzyme with anti-inflammatory and anticytotoxic properties [37] . In a recent study, we showed that heme-induced regulatory T cell (Treg) proliferation and inhibited Th1 expansion in invitro cocultures of monocyte-CD4þ T cells [38] . These T-cell effects were mediated by monocyte HO-1 as inhibition of HO-1 activity with antagonists or addition of heme to T cells in the absence of monocytes abrogated the effects. Significantly, in patients with SCD, nonclassical CD16þ monocytes, which express highest levels of HO-1 than any other leukocytes in peripheral circulation, mediated the Tcell response. CD16þ monocytes from patients with SCD on a chronic transfusion protocol but with no history of RBC alloimmunization, expressed higher HO-1 levels and mediated a stronger Treg expansion response to cell-free heme than patients with SCD who had been alloimmunized. A robust FIGURE 1. Effects of hemolysis on the neutrophil compartment. Heme, released during hemolysis, can induce neutrophils to from neutrophil extracellular traps by activating reactive oxygen species pathway. Neutrophil extracellular traps may promote the adherence of erythrocytes and platelets to the endothelium, inducing vaso-occlusion in patients with sickle cell disease. Heme can also mobilize the release of immature neutrophils with increased heme oxygenase 1 expression into peripheral blood. The heme oxygenase 1 expressed at this stage is responsible for altering the phenotype of resulting mature neutrophils which includes lower oxidative burst function and inability to clear engulfed bacteria.
heme-driven Treg expansion may be beneficial to dampen chronic inflammation in patients with hemolytic anemia, but with the caveat that it may lower the patients' adaptive immune responses in the setting of host defense and vaccination.
In the transfusion setting, on the other hand, impairment of the anti-inflammatory response to heme as seen in alloimmunized patients with SCD, may heighten the risk of alloimmunization. Focusing on dendritic cells, which are key players in shaping the immune response, we went on show that exogenous heme lowers the immunogenicity of dendritic cells from both healthy individuals and transfused SCD patients with no prior history of alloimmunization and that this occurs through TLR4/nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) (p50 and RelB) pathway [39 & ]. In contrast, in alloimmunized SCD patients, heme was unable to reverse dendritic cell immunogenicity or inhibit proinflammatory NF-kB activation. Our study showing a defective anti-inflammatory response to heme in alloimmunized patients with SCD may help explain the mechanism by which enhanced inflammation is induced and/or maintained in this patient group, and open the way for designing innovative treatments for this patient population to prevent alloimmunization. Future studies are needed to better characterize the cellular and molecular pathways by which cell-free heme and hemolysis impact and potentially alter adaptive immune responses which are crucial for host defense against infections.
CONCLUSION
Progress has been made in our understanding of hemolysis-mediated immune regulatory mechanisms affecting both neutrophil (Fig. 1) and monocyte/macrophage compartments (Fig. 2) . These include identification of immature neutrophil subset as a novel cellular target of cell-free heme, unraveling of the DOCK8-Cdc42, Spic pathway in pathologic hemolytic conditions and better characterization of previously identified heme-mediated molecular pathways involving HO-1, ROS and NF-kB. These findings shed light on the pathophysiology of hemolytic anemias and may provide potential therapy targets and novel biomarkers of disease severity.
